In the field of quantum photon sources, single photon emitter from solid is of fundamental importance for quantum computing, quantum communication, and quantum metrology. However, it has been an ultimate but seemingly distant goal to find the single photon sources that stable at room or high temperature, with high-brightness and broad ranges emission wavelength that successively cover ultraviolet to infrared in one host material. Here, we report an ultraviolet to near-infrared broad-spectrum single photon emitters (SPEs) based on a wide band-gap semiconductor material hexagonal boron nitride (hBN). The bright, high purity and stable SPEs with broad-spectrum are observed by using the resonant excitation technique. The single photon sources here can be operated at liquid helium, room temperature and even up to 1100 K. Depending on the excitation laser wavelengths, the SPEs can be dramatically observed from 357 nm to 896 nm. The single photon purity is higher than to 90 percentage and the narrowest linewidth of SPE is down to ∼75 µeV at low temperature, which reaches the resolution limit of our spectrometer. Our work not only paves a way to engineer a monolithic semiconductor tunable SPS, but also provides fundamental experimental evidence to understand the electronic and crystallographic structure of SPE defect states in hBN.
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Solid-state single photon sources (SPSs) play a fundamental role in quantum technologies including quantum computing, quantum secure communication, and quantum metrology [1] [2] [3] [4] [5] . Over the past decade, many solidstate single photon emitters (SPEs) have been developed such as the originally studied color centers 2 , quantum dots (QDs) 6, 7 , carbon nanotubes (CNTs) 8 , as well as recently emerged SPEs in two-dimensional (2D) materials 9 . The SPEs in monolayer WSe 2 10-13 , and WS 2 14,15 have been observed at liquid Helium temperature from localized bound excitons. However, up to now, most of these reported SPSs are limited in a narrow spectral range at Liquid-helium cryogenic temperatures 1, 2 . Wide bandgap Gallium-Nitride QDs enables high-temperature operation of solid-state SPSs with emission wavelengths spanning from ultraviolet (UV) (286 nm) 16 , red (600-750 nm) 17 and infrared (1100-1300 nm) 18 , but it is difficult to achieve a full spectral range of SPEs in one chip because the different doping and quantum structures are required to realize a specific emission wavelength. Since each range of SPS has its own unique application and urgent on-demand in quantum technologies. For example, the ultraviolet SPSs can be used for smaller size quantum-optical devices 19 , the near infrared SPSs at telecom wavelength range can be used to realize quantum key distribution and wireless communication 18 . Therefore, it is significant to achieve a bright and stable SPEs covering ultraviolet to the near-infrared spectrum and can work over a wide temperature range with just one host material. In hexagonal boron nitride (hBN), the SPEs have been associated with deep energy level defect states within the large band gap that allow a bright and stable SPE at room temperature and even higher temperature [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Atom-like defects in hBN confine electronic levels deeply within the larger band gap, resulting in stable and extremely robust SPSs. Currently, the light-excited SPEs of hBN were found mostly distributed within 550 nm to 800 nm spectral ranges at room temperature 24, 38, 39 . And an ultraviolet (UV) SPEs at 150 K was observed by cathodoluminescence spectroscopy combined with a scanning transmission electron microscope (STEM) 26 . All of these results indicate that the hBN should be one of the promising host materials to achieve full spectral range from ultraviolet to nearinfrared SPSs at room temperature and even higher temperature. To the best of our knowledge, such an hBN based SPS have not been reported.
Here, we report the realization of a light-pumped broadband SPEs covering from 357 to 896 nm in hBN flakes. The strict excitation selectivity is observed by photoluminescence excitation (PLE) spectroscopy, which reveals the multi-level nature of defect emitters in hBN and indicates that the resonant excitation is a good way to achieve the high bright and tunable SPS in hBN. In particular, these SPE peaks can survive even at a high temperature up to 1100 K. At low temperature, hundreds of SPEs with a narrow full width at half maxima (FWHM) down to 75 µeV are observed which cover a broad spectral band. Such a dense and broadband SPE means that the hBN can be engineered as ultra-broad spectrum SPSs. By using the optical filter or grating, people can easily select arbitrary wavelength SPE in only one hBN chip. Furthermore, we calculate all possible defect levels in hBN based density functional theory, and we found the calculated varieties of defect levels are consistent with our experimental results. Our results can give a better understanding of the defect SPE in hBN and broaden its potential application in quantum technology.
A. Results and Discussions
The samples are commercial hBN flakes suspended in a 50/50 ethanol/water solution (Graphene Supermarket). We dropped cast 30 µL onto a 90 nm SiO 2 /Si substrate and waiting for the solvent to dry. We firstly measured the Raman and photoluminescence (PL) spectra of the hBN flakes as shown in Figure 1 . Figure 1(a) shows the optical microscopy image of hBN flakes. A typical Raman spectrum of hBN samples at room temperature is depicted in Figure 1 (FWHM= 10.4 cm −1 ) are observed, which are consistent with the Raman spectra of exfoliated multilayer hBN in previous reports 20, 40 . Based on the frequency and narrow linewidth of E 1 2g and E 2 2g here, we can confirm that the hBN flakes are multilayer single crystalline. Figure 1(c) shows the corresponding confocal Raman mapping spectra of the E 2 2g mode of hBN at room temperature. Obviously, the shape of the Raman mapping matches with the microscopy image of the hBN sample in Figure 1 (a) quite well, which indicates that the samples have uniform crystal quality. Figure 1(d) shows the PL spectra from a certain spot in Figure 1 (a) at room temperature. Besides the Raman modes of the silicon substrate and hBN, we observed two bright new peaks around 550 nm and 685 nm from the localized defect states, which have been reported as SPEs in previous studies 20, 24, 33, 35 . These SPEs in hBN are known to possess a series of zero-phonon lines (ZPL). For defect emission in solid states, the lineshape of ZPL can be governed by the spectra diffusion or phonon broadening mechanisms, which correspond to Gaussian and Lorentzian line shapes [41] [42] [43] , respectively. In general, at low temperature, the lineshape is domi-nated by the spectral diffusion due to most phonons are in the ground state, whereas at a higher temperature, the phonon broadening mechanism is the dominant factor. Therefore, the lineshape will show a transition from a predominantly Gaussian line shape to a Lorentzian-like shape as the temperature increases from low temperature to room temperature, similar results have also been observed in nanodiamond 34, 41, 43 . As a consequence, at room temperature the peak at around 685 nm can be fitted by two components, the narrow one with a Lorentzian shape (∼4.4 meV) is the ZPL and another broader feature (∼39 meV) with a Gaussian shape is the phonon sideband 44 . Obviously, the fitting lines match well with the experimental results, as shown in Figure 1(d) . Here, the strong ZPL dominates the whole spectra, implying the electron-phonon coupling is weak for SPEs in hBN at room temperature 44 . We also measured the PL mapping of the emission peak at 685 nm as shown in Figure  1 (e). In contrast to Raman mapping of the E 2 2g mode, this PL emission only appears at a specific spatial spot, which indicates it comes from the isolated local defect in hBN samples. Similar SPEs in hBN have also been reported by many research groups 20, [22] [23] [24] [25] [26] [27] [28] [30] [31] [32] [33] [34] [35] .
In order to characterize the purity of these SPE, a Hanbury-Brown-Twiss (HBT) setup 45 is used to measure the second-order correlation function g (2) (τ ). 
, where a is the background of uncorrelated photons and τ 0 is the antibunching recovery time. By fitting the experimental data, the value of g (2) (0) for the SPEs at around 595 (P1) and 685 nm (P2) are equal to 0.09 and 0.06, respectively. Both of these two values are below than 0.1, which unambiguously proving that the defect emitters here are high purity SPEs. The lifetimes of these SPEs were also measured by time-resolved PL spectroscopy, as shown in Figure 3 (d-e). Based on the fitting results, the lifetime of P1 and P2 are ∼1.12 and 1.35 ns, respectively, consistent with lifetime values 1.0 ns and 1.4 ns deduced from the fitted line-width of g (2) (τ ) functions, respectively.
To fully understand the relationship between defect SPEs and excitation wavelength, we have further conducted the PLE mapping of the defect emission at room temperature, as shown in Figure 3(a) . Remarkably, we found that the intensity and wavelength of these SPEs are strongly dependent on the excitation wavelength. The dashed lines correspond to the defect levels involved in the excitation-emission process. The emission at around 685 nm, 750 nm, and 767 nm are greatly enhanced when the excitation wavelengths are around at 490 nm, 494 nm, and 528 nm, respectively. These two peaks at 685 nm and 750 nm are also enhanced at around 478 nm and 546 nm, but their intensities are weaker than the formers. In particular, the emission at around 711 nm is only greatly enhanced under excitation at around 500 nm and slightly enhanced at around 472 nm. While for other excitation wavelengths, these defect SPEs are too weak to be observed. To make it clearer, partially extracted spectra are presented in Figure S1 (a). Clearly, different emissions have different resonance excitation profiles as well as a different emission wavelength, as shown in Figure S1(b) . The excitation selectivity of the PLE spectra typically contains a distinct resonance behavior, suggesting that many real intermediate defect energy levels are involved in these defect emission processes. Furthermore, both of the emissions at 685 nm and 750 nm are enhanced under 494 nm and 528 nm excitation wavelength. The energy difference between these two resonant excitation peaks (494 nm and 528 nm) is around 162 meV, which is very close to the energy of E 2 2g phonon mode (around 169 meV), implying the phonon plays an important role in defect SPEs of hBN. Such a strictly resonant condition between one phonon and two atomic-like individual defect level states provides a good platform to achieve phonon ground cooling and amplification by using a resolved sideband Raman cooling technique as reported in semiconductor ZnTe 46, 47 , as well as quantum coherent state manipulation based on phonon-single photon coupling 2 .
Considering the selectivity resonance-enhanced SPEs in hBN, we have tried to measure many sample positions with different excitation wavelengths ranging from ultraviolet to near-infrared. Figure 3(b) shows the corresponding results measured by six laser lines. Interestingly, we observed a series of narrow SPEs from 357 nm to 896 nm at room temperature, much broader than previously reported results that mainly spans from 550 nm to 800 nm 24, 38, 39 . These emissions are also localized in a specific sample point. We should note that the intensities of these emitters below 400 nm and over 800 nm are weaker compared to the emitters at other spectral ranges, which may be caused by the harsh requirement to achieve resonance excitation. And among these excitation wavelengths, the 442 nm excitation can obtain more dense and bright SPEs. The different behaviors of emitters in hBN also mean that the electronic level and crystallographic structure of the emitters are much more complexes than current theoretical proposals 20, 48, 49 . The emission intensity of defect SPE in hBN is heavily dependent on the excitation photon wavelength also explains why we can observe the defect emissions from ultraviolet to near-infrared by using different excitation wavelengths. In short, different emitters have different emission wavelengths and these emissions also have different resonance behaviors as well. Therefore, if the excitation wavelengths match isolated defect energy levels well, the SPEs in hBN with brighter intensity and wider spectral range are supposed to be observed.
Since the photostability of SPEs over time is very important for SPS application in quantum technology, we measured the temporal evolution of defect emitters at around 477, 685 and 796 nm, as shown in figure 3(c) . It is obvious that the frequency and intensity of these emissions almost remain unchanged with time, suggesting these emitters are very stable. These results are similar to previous reports about the color center in diamond 50 . In contrast to these stable SPEs, we also found that only a few defect emitters show a slighter fluorescence blinking behavior as shown in Figure S2 , similar results have also been observed by other groups.
22,32,37 . Here we find the blinking emitters are only dependent on the sample location but not on the excitation wavelength. It means that the local environment of defects is the dominant mechanism for the SPE blinking in hBN flakes. Furthermore, we also measured the intensity saturation behaviors of the defect SPEs at 477 nm, 577 nm, 685 nm, and 796 nm as a function of the excitation power, as shown in Figure 3(d) . The data can be fitted by a simple saturation function: I=I ∞ P/(P + P sat ), where I ∞ and P sat are the emission rate and excitation power at saturation, respectively. We find the saturation emission rate I ∞ are equal to 1.7 × 10 4 , 0.3 × 10 4 , 1.2 × 10 4 and 0.7 × 10 4 counts/s for the emissions at 477 nm, 577 nm, 685 nm and 796 nm, respectively, and P sat are equal to 5.61 × 10 4 , 2.9 × 10 4 , 3.96 × 10 4 and 3.03 × 10 4 W/cm 2 for the emissions at 477 nm, 577 nm, 685 nm and 796 nm, respectively. These results are consistent with previously reported results that the SPE in hBN is the brightest SPE reported so far among the 2D materials SPE library 2 . On the other hand, the saturation behavior also indicates that the defect emissions are photostable even under high laser excitation power.
Because of the low temperature environment would greatly suppress the non-radiative process and phonon broadening of SPEs, the SPEs in hBN with much narrower linewidth and much brighter intensity are expected to be observed. In order to observe SPEs as much as possible from hBN flakes, we used the 442 nm (2.81 eV) laser as the excitation wavelength to measure the SPEs at low temperature, as shown in Figure 4 (a) and Figure S3 . Surprisingly, in contrast to only several single photon peaks appeared at one selected isolated defect at room temperature, there are hundreds of peaks appeared at one isolated defect location as the temperature drops to around 4 K. The SPE at low temperature here cover a wide spectral range from 2.80 eV (443 nm) to 1.544 eV (803 nm), and each different isolated position also has a different emission spectrum, as shown in Figure 4 (a). It implies that the hBN based SPEs can achieve a broadband SPSs covering from near-ultraviolet to near-infrared spectral range. In particular, these SPE peaks show an ultranarrow linewidth down to ∼75 µeV, as shown in Figure  4 (a) inset and Figure S3 . We note that this value is very close to the narrowest linewidth of ∼45 µeV reported in the prepared hBN samples on Al 2 O 3 substrate 32 . However, the intrinsic linewidth of SPE here may be less than ∼75 µeV if the resolution of our spectrometer is counted. We also measured the photostability of SPEs overtime at 4 K, as shown in Figure S4 . Obviously, most SPEs are very stable and few of them show a blinking behavior over time.
To further confirm purity of these SPEs at low temperature, we also measured g (2) (τ ) functions of two typical defect emissions at around 587 and 694 nm, respectively, as shown in Figure S5 . Both of g (2) (0) values are 0.08 and 0.02, suggesting there are high purity SPEs. We also Figure S6 . Similar to the results that measured by 442 nm, multiple defect emission peaks appeared at one selected point. However, the number of observed single photon peaks is considerably reduced. This is another evidence of selectively resonance enhanced SPEs as discussed above.
Now we try to analyze the underlying physical mechanisms that caused such a dense broad spectrum SPEs appeared at low temperature. Although there is a slight difference among the emission spectrum at each different location, they still share some similar characters. According to the density of SPEs, we simply divided the measured spectra into seven bands, and mark them with different background colors, as shown in Figure 4(a-b) . We suspect that these different regions may correspond to different defect types in hBN 20, 37, 48 . Because the hBN flakes sample is prepared in organic solution, there are likely to produce many defects, such as H and O atom substitutional, or boron vacancy and carbon interstitial. We also calculated the energy level of different defect types and will discuss below. Another possible speculation is there are many phonon replicas of SPE, leading to the observation of such dense emissions 51, 52 . In addition, there are many fine intermediate defect levels already located in the band gap of hBN. However, owing to the two-dimensional nature of the host material, these defect emitters are highly exposed to its localized surroundings environments 30, 34, 36, 37 . Considering their different types of defects and local environments 48 , only a few of them are optically active or stable under ambient conditions. When the sample is at a low-temperature environment, more fine structures of defect states become activated and the transition between them is allowed. So that we can observe abundant SPEs under this condition. Besides, the quantum efficiency of SPEs is enhanced and the linewidth broadening of fine structures of defect states is strongly suppressed at low temperature 41 , thus more SPEs become resolvable. In order to further confirm the above speculations, we performed temperaturedependent measurements of SPEs in hBN from 4 K to room temperature, as shown in Figure 4(b) . Obviously, each band of SPEs at low temperature evolves into one broad defect emission peak above 140 K, and the intensities are greatly reduced. The temperature dependent experiments are consistent with our previous analysis, indicating our speculations are relatively reasonable.
Room temperature or even higher temperature operation is desired for the real application of SPS. We measured one SPEs from room temperature to 1100 K, as shown in Figure 4 (c). Remarkably, these SPE peaks can still survive even when the temperature is increased up to 1100 K. As the temperature increase, the linewidth of these SPE peaks are widened, and the emission wavelengths are redshift, which is consistent with the previous reports 29 . Although the whole intensities of these emissions decreases as temperature increases, the relative intensities are different. For example, the emission at around 2.23 eV (556 nm) is weak at room temperature, but the intensity is enhanced at around 400 K, and then slowly decreases with temperature increases. The purity of these emissions at high temperatures and detailed physical mechanism behind this phenomenon calls for further studies.
To give a better understanding of the origin of such broadband emission, we calculated the electronic energy band structures of the monolayer and bulk hBN, as well as its possible defect states related with H, O, C, N and B induced defects based on the density functional theory (DFT), as shown in Fig. 5(a) . The calculated band gaps of hBN are 5.94 and 5.98 eV for the monolayer and bulk hBN, respectively, which are consistent with previous experimental results 53 . More calculation details were shown in Supplementary Information. We used the short straight lines to denote the defect states in Fig. 5(a) . The blue lines indicate the defect states are fully filled with electrons, which possess the possibility for electrons transit into the conduction band. The red lines denote the empty defect states, which indicate that here the holes maybe transfer to the valence band. The black straight lines represent the defect states which are half filled with electrons. Therefore, it is possible for electrons transition to the conduction band and the holes transition down to the valence band. Fig. 5(c) shows all possible transition energies of various native defects and impurities states. Every column represents the different types of defect states. The blue and red columns represent defect states in monolayer hBN, and white and pink columns represent defect states in bulk hBN, for instance, the emission energies at around 1.5 eV may correspond to C B , C N and V B defect type, and 2.3 eV and 3 eV may correspond to the H N and V B defect type, respectively. Therefore, the defect types in Fig 2 may correspond to H N and V N . In addition, the defect types in monolayer and bulk hBN are almost the same, but the energies have a lightly difference, indicating the energy is small varied in different thickness hBN for the same defect type. Similarly, the same defect type may own multiple emission levels. Therefore, for different hBN samples, its different thickness will have a small effect on the defect emission wavelength. Remarkably, the calculated defect levels both in monolayer and bulk hBN are ranged from infrared to ultraviolet region, which are consistent with our experimental results. Meanwhile, we found the number of defect types in infrared range is relatively few, making it difficult to found one location with an emission wavelength in the infrared region. However, for some different defect types in bulk (or monolayer) case, they may share the same energy level (e.g., V B and C B , O B and O i ). Therefore, it hard to direct identify all the defect types just according to the measured PL spectrum and calculated results. In this case, the transmission electron microscope and ion implantation may be good methods to help further identify the defect types. To fully understand these defect types, and to controllably prepare the SPEs in hBN, more works are required in the future.
B. Conclusion
In conclusion, we have observed an ultra-broad spectral range SPEs from ultraviolet to near-infrared in hBN. Most of these isolated emitters show a photostability and high brightness under ambient conditions and even when the temperature up to 1100 K. We also found these SPEs in hBN are strongly dependent on the excitation wavelength. At low temperature, up to hundreds of defect emissions with ultra-narrow linewidth are observed. Such dense SPEs at low temperature suggest that the SPE defects in hBN have much more complex level structures. We also calculated the defect level of monolayer and bulk hBN based on DFT method. And we found the energies of defect levels are ranged from infrared to ultraviolet region, which are consistent with our experimental results. Our results not only provide a better understanding of the level structure of the defect emitters in hBN, but also show that the hBN is a good host material for construct an ultraviolet to near-infrared broad-spectrum single photon source. These novel properties of hBN hold a great promise for its application in quantum technology.
C. Experimental Section
Sample Preparation The hBN flakes are suspended in a 50/50 water/ethanol solution (Graphene Supermarket). A 20 µL solution is dispersed onto a 90 nm SiO 2 /Si substrate. Optical Measurement Confocal Raman and PL measurements on hBN samples were undertaken in backscattering geometry with a Jobin-Yvon HR800 system equipped with a liquid-nitrogen-cooled chargecoupled detector. The Raman and PL measurements at room temperature were undertaken with a 100X objective lens (NA=0.9) (or a 39X UV objective) and 100 and 600 lines mm −1 grating at room temperature. The Montana cryostat system was employed to cool the samples down to 4 K under a vacuum of 0.2 mTorr. A 50X long-working-distance objective lens (NA=0.5) and both 600 and 2400 lines mm −1 grating were used for PL measurements at low temperature. The excitation laser (E L ) line 458 nm is from an Ar + laser, 647 nm is from a He-Ne laser, 532 nm and 780 nm are from an Nd: YAG laser, 325 nm and 442 nm are from an He-Cd laser. The confocal PLE measurements are carried out by using house-built confocal microscopic PLE system, where a super continuous laser source combined with a grating monochromator is used as excitation source. The second-order correlation function measurement is carried out by using home-built Hanbury-Brown-Twiss (HBT) setup.
